Recent genetic analysis showed that phototropins (phot1 and phot2) function as blue light receptors in stomatal opening of Arabidopsis thaliana, but no biochemical evidence was provided for this. We prepared a large quantity of guard cell protoplasts from Arabidopsis. The immunological method indicated that phot1 was present in guard cell protoplasts from the wild-type plant and the phot2 mutant, that phot2 was present in those from the wild-type plant and the phot1 mutant, and that neither phot1 nor phot2 was present in those from the phot1 phot2 double mutant. However, the same amounts of plasma membrane H + -ATPase were found in all of these plants. H + pumping was induced by blue light in isolated guard cell protoplasts from the wild type, from the single mutants of phototropins (phot1-5 and phot2-1), and from the zeaxanthin-less mutant (npq1-2), but not from the phot1 phot2 double mutant. Moreover, increased ATP hydrolysis and the binding of 14-3-3 protein to the H + -ATPase were found in response to blue light in guard cell protoplasts from the wild type, but not from the phot1 phot2 double mutant. These results indicate that phot1 and phot2 mediate blue light-dependent activation of the plasma membrane H + -ATPase and illustrate that Arabidopsis guard cell protoplasts can be useful for biochemical analysis of stomatal functions. We determined isogenes of the plasma membrane H + -ATPase and found the expression of all isogenes of functional plasma membrane H + -ATPases (AHA1-11) in guard cell protoplasts.
Introduction
Stomatal opening is mediated by an accumulation of K + salt in guard cells. The accumulation of K + through the voltagegated, inward-rectifying K + channel is driven by an inside-negative electrical potential across the plasma membrane (Zeiger 1983 , Hedrich and Schroeder 1989 , Assmann and Shimazaki 1999 , Schroeder et al. 2001 . This electrical potential is created by a blue light-activated H + pump in the plasma membrane (Assmann et al. 1985 , Shimazaki et al. 1986 ). Recent investigations have demonstrated that this pump is the plasma membrane H + -ATPase in guard cells, and that blue light activates the H + -ATPase through the phosphorylation and subsequent binding of 14-3-3 protein to the phosphorylated C-terminus in Vicia faba (Kinoshita and Shimazaki 1999 , Emi et al. 2001 , Palmgren 2001 . The activation of H + -ATPase requires both the phosphorylation of Thr950 (numbered according to Vicia H + -ATPase 1) in the H + -ATPase and the binding of 14-3-3 protein (Kinoshita and Shimazaki 2002) . A recent genetic analysis of Arabidopsis mutants strongly suggests that phototropins (phot1 and phot2) function as blue light receptors in a redundant manner and mediate blue lightdependent stomatal opening ). In contrast, zeaxanthin, a carotenoid that localizes in the thylakoid membrane of guard cell chloroplasts, has been proposed as a blue light receptor on the basis of correlations between the zeaxanthin content and stomatal opening by physiological and genetic analyses (Zeiger and Zhu 1998 , Frechilla et al. 1999 , Talbott et al. 2003 .
Phototropins represent a new class of flavoprotein photoreceptors. Initially they were discovered as a phosphorylated 120 kDa protein in response to blue light in the plasma membrane of etiolated pea epicotyls (Gallagher et al. 1988 ). More recently, phototropins have been suggested to regulate a wide range of responses in higher plants, including phototropism (Huala et al. 1997) , chloroplast movement (Jarillo et al. 2001 , rapid inhibition of stem growth (Folta and Spalding 2001) , leaf expansion (Sakamoto and Briggs 2002) and stomatal opening . The N-terminal region of phototropins contains two repeated motifs, each of approximately 110 amino acids, that belong to two PAS domains regulated by light, oxygen, and voltage (LOV); these domains are called LOV1 and LOV2 (Huala et al. 1997) . These phototropins contain Ser/Thr kinase domains in the C-terminus and undergo blue light-induced autophosphorylation (Huala et al. 1997 , Christie et al. 1998 , Christie et al. 2002 . Recently, Salomon et al. (2003) determined eight phosphorylation sites on both the N-terminus upstream of LOV1 and the hinge region between LOV1 and LOV2 in phot1a of etiolated seedlings of oat. Kinoshita et al. (2003) indicated that the 14-3-3 protein bound to phototropins in response to blue light and that the binding depended on phosphorylation of the hinge region between LOV1 and LOV2 in Vicia.
Stomatal guard cells are an excellent system for dissecting phototropin-mediated signaling cascades because they have all of the signaling elements required for blue light-induced stomatal opening (Zeiger and Hepler 1977) . The use of guard cell protoplasts isolated from various mutant plants of Arabidopsis would be very useful for dissection of guard cell signaling in various aspects. Recently, Pandey et al. (2002) developed a method to isolate large quantities of Arabidopsis guard cell protoplasts with high purity. They used the protoplasts for electrophysiological, biochemical and molecular analyses. Unfortunately, the quantity of these protoplasts was still not sufficient for the determination of blue light-dependent H + pumping.
In the present study, we isolated with high purity >10 times the number of guard cell protoplasts as in that study, from both wild-type and mutant Arabidopsis thaliana, by modifications of the previous methods (Pei et al. 1997 , Pandey et al. 2002 . In response to blue light, Arabidopsis guard cell protoplasts showed H + pumping and activation of the plasma membrane H + -ATPase. In contrast, no response to blue light was found in the protoplasts from the phot1-5 phot2-1 double mutant. We found that protoplasts from a zeaxanthin-less mutant (npq1-2) had a high level of blue light-dependent H + pumping. We also found that the guard cell protoplasts expressed all isogenes of the plasma membrane H + -ATPase in the Arabidopsis genome (Palmgren 2001) . These results suggest that Arabidopsis guard cell protoplasts can be useful for biochemical analysis of blue light signaling in stomata.
Results

Preparation of a large quantity of guard cell protoplasts from Arabidopsis
A large number of guard cell protoplasts were prepared enzymatically from rosette leaves of A. thaliana and highly purified by centrifugation using Histopaque (Sigma-Aldrich, St Louis, MO, USA). The guard cell protoplasts ranged in diameter from 6 to 10 µm, whereas the diameters of the mesophyll cell protoplasts were from 12 to 20 µm. Contaminating mesophyll cell protoplasts were distinguished easily from guard cell protoplasts by their large size and strong chlorophyll fluorescence (Fig. 1A, B) . A typical yield and purity of guard cell protoplasts were 4.3×10 7 cells (1,000 µg protein) per 5,000 leaves and 98% on a cell basis, respectively. This amount of protein was 10-fold that reported in a large-scale isolation method previously (Pandey et al. 2002) and was sufficient to make further physiological and biochemical studies possible.
Immunodetection of phototropins and the plasma membrane H + -ATPase in Arabidopsis guard cell protoplasts We determined the expression of phot1, phot2 and the plasma membrane H + -ATPase with specific antibodies using Arabidopsis guard cell protoplasts (Fig. 1C) . phot1, having a molecular mass of 135 kDa, was found in both wild-type and phot2-1 (phot2) plants, but not in phot1-5 (phot1) or in the phot1 phot2 double mutant. phot2, having a molecular mass of 115 kDa, was found in the wild-type and phot1 plants, but not in phot2 or in the phot1 phot2 double mutant. The simultaneous expression of phot1 and phot2 in guard cell protoplasts is consistent with physiological data in Arabidopsis epidermis showing that phot1 and phot2 function redundantly in blue light-dependent stomatal opening . The same amount of the plasma membrane H + -ATPase, having a molecular mass of 95 kDa, was found in all of the plants. 
Blue light-induced H
+ pumping in Arabidopsis guard cell protoplasts
We measured H + pumping in Arabidopsis guard cell protoplasts from the wild-type plant in response to blue light (Fig. 2) . H + pumping was induced by stimulating the protoplasts with a short pulse of blue light (100 µmol m -2 s -1 for 30 s) superimposed on background red light (600 µmol m -2 s -1 ). The H + pumping began 30 s after stimulation began, peaked at around 2-3 min, and was sustained for 6 min. A second pulse of blue light, applied 20 min after the previous first pulse, induced H + pumping again. A measurement required at least 50 µg of guard cell protein (2.1×10 6 guard cell protoplasts) (data not shown). A serine/threonine protein kinase inhibitor, K-252a, suppressed the H + pumping completely at 10 µM. The phytohormone abscisic acid, which induces stomatal closure, inhibited the rate of H + pumping by 40% at 50 µM. These results indicate that the properties of H + pumping in Arabidopsis guard cell protoplasts are essentially the same as those in Vicia guard cell protoplasts (Shimazaki et al. 1986 , Shimazaki et al. 1993 , Goh et al. 1996 , Kinoshita and Shimazaki 1999 ). They also suggest that H + pumping to induce stomatal opening is a common mechanism in dicotyledons.
+ pumping does not occur in the phot1 phot2 double mutant
We isolated guard cell protoplasts from the single mutants phot1 and phot2 and from the phot1 phot2 double mutant, and examined whether or not blue light-dependent H + pumping would occur (Fig. 3 ). Isolated guard cell protoplasts from the mutants showed similar size and yield to those of the wild-type plants. The H + pumping was found in both the phot1 and phot2 single mutants but not in the phot1 phot2 double mutant. However, the fungal toxin fusicoccin, an activator of the plasma membrane H + -ATPase (Shimazaki et al. 1993, Kinoshita and , induced H + pumping in the phot1 phot2 double mutant as well as in wild-type plants at 10 µM, indicating that the absence of H + pumping in response to blue light in the double mutant was not due to a lesion in the H + -ATPase. Furthermore, blue light-dependent H + pumping was clearly observed in npq1-2, a zeaxanthin-less mutant (Niyogi et al. 1998) , suggesting that zeaxanthin was not a principal blue light receptor for the H + pumping. The mean values of the maximum rate of H + pumping in response to blue light and rates of fusicoccin-induced H + pumping in these guard cell protoplasts are shown in Table 1 .
We investigated the fluence dependency of blue lightdependent H + pumping in the phototropin mutants. As shown in Fig. 4 , the maximum rates of H + pumping were always lower in the phot1 and phot2 single mutants than in wild-type plants on a protein basis. The half-saturation light intensities for H + pumping were 27 µmol m -2 s -1 in the wild-type plants, 26 µmol m -2 s -1 in the phot1 mutant and 8 µmol m -2 s -1 in the phot2 mutant when the duration of the pulse was 30 s. The high flu- + pumping in guard cell protoplasts (75 µg of protein) was measured by the decrease of pH in the medium. A second pulse (the second blue light) was applied 20 min after the first one started. K-252a, a serine/threonine protein kinase inhibitor, and abscisic acid dissolved in dimethylsulfoxide (DMSO) were added to the guard cell protoplast suspension 20 min before each pulse of blue light at 10 and 50 µM, respectively. The final concentration of DMSO was 0.25%. A pulse of blue light was applied to the guard cell protoplast for 30 s at 100 µmol m -2 s -1 superimposed on background red light at 600 µmol m -2 s -1 . All measurements were done at 24°C. BL and ABA indicate blue light and abscisic acid, respectively.
Fig. 3 Blue light-dependent H
+ pumping in guard cell protoplasts from wild-type plant and mutant plants of Arabidopsis. Fusicoccin, an activator of the plasma membrane H + -ATPase, was added at 10 µM. Other conditions were the same as described in Fig. 2 . BL and RL indicate blue light and red light, respectively. FC, fusicoccin. Guard cell protoplasts were isolated from the wild-type plant and from phototropin mutants, and npq1-2 of A. thaliana. Fusicoccin (10 µM) was added. Other conditions were the same as in Fig. 3 . Data represent the means ± SE of five experiments at different occasions. pumping in Arabidopsis guard cell protoplasts was much higher than that (7.5 µmol m -2 s -1 ) for Vicia guard cell protoplasts (Shimazaki et al. 1986, Kinoshita and .
Activation of the plasma membrane H
+ -ATPase by blue light We measured the H + -ATPase activity immediately after disruption of guard cell protoplasts, when the rate of H + pumping peaked (Fig. 5A) . The ATP hydrolysis was increased in response to blue light in the wild-type plant but not in the phot1 phot2 double mutant. Fusicoccin at 10 µM increased ATP hydrolysis similarly in both the wild-type plant and the phot1 phot2 double mutant. These ATP hydrolytic activities were inhibited by 100 µM vanadate, an inhibitor of the plasma membrane H (Fig. 5A) , respectively, in a typical experiment. Since the H + /ATP ratio is suggested to exceed 1 in H + pumping (Palmgren 2001) , the ATP hydrolysis is sufficient to account for the H + pumping.
Blue light induced binding of 14-3-3 protein to the H + -ATPase The binding of 14-3-3 protein to the phosphorylated C-terminus of H . Other conditions were the same as in Fig. 2 . The means of four determinations are presented with standard errors. BL, blue light. + -ATPase in Arabidopsis guard cell protoplasts. (A) ATP hydrolytic activity was measured by determining the Pi released from 2 mM ATP for 30 min in guard cell protoplast extract. Guard cell protoplasts were pre-incubated under red light at 600 µmol m -2 s -1 for 40 min at 24°C, then illuminated with a pulse of blue light at 100 µmol m -2 s -1 . Guard cell protoplasts were disrupted before and 2 min after the start of the blue light pulse. Vanadate, an inhibitor of the plasma membrane H + -ATPase, was added at 100 µM. Fusicoccin was added at 10 µM; guard cell protoplasts were disrupted 5 min after the addition of fusicoccin. Experiments conducted three times on different occasions gave similar results. A typical experimental is presented. (B) Protein blotting was done using recombinant GST-14-3-3 protein as a probe, and the GST fusion protein was detected immunologically by anti-GST antibodies. Other conditions were the same as in (A). Guard cell proteins (5 µg) separated by SDS-PAGE in a 9% gel were transferred to a nitrocellulose membrane. (C) Western blotting of H + -ATPase by the antibodies in guard cell protoplasts. (D) Binding of 14-3-3 protein to the H + -ATPase in the absence or presence of 16 amino acid phosphoThr950 peptide, KGLDIDTIQQHYphospho-TV (P-950). Guard cell proteins (5 µg) from blue light-illuminated protoplasts separated by SDS-PAGE were transferred to a nitrocellulose membrane. The membrane was incubated with 0.1 µM GST-14-3-3 protein with or without 10 µM P-950. After incubation for 30 min at 24°C, this mixture was used for protein blotting. Solid arrowheads indicate the positions of the plasma membrane H + -ATPase. Experiments conducted twice on different occasions gave similar results. BL, RL, and FC indicate blue light, red light and fusicoccin, respectively.
ase Shimazaki 1999, Kinoshita and Shimazaki 2002) . We investigated the binding of 14-3-3 protein to the H + -ATPase in Arabidopsis guard cell protoplasts (Fig. 5B) . Protein blot analysis indicated that the amount of 14-3-3 protein bound to the H + -ATPase increased 2.5-fold in response to blue light in the wild-type plant, but there was no increase in the phot1 phot2 double mutant. Fusicoccin largely induced binding of 14-3-3 protein to the H + -ATPase in both the wild-type plant and the double mutant. The amount of H + -ATPase was not affected by the applications of blue light or that of fusicoccin (Fig. 5C ). Since the binding site of the H + -ATPase is the penultimate phosphorylated Thr950 in the C-terminus of Vicia guard cells (Kinoshita and Shimazaki 2002) , we utilized P-950, a 16 amino acid peptide containing phospho-Thr950 that corresponds to the C-terminus of VHA1, to examine the 14-3-3 protein binding. Fig. 5D shows that 14-3-3 protein did not bind to the H + -ATPase when P-950 was present. This result confirms that blue light activates the H + -ATPase through the phosphorylation of the C-terminus and the subsequent binding of 14-3-3 protein to the penultimate phosphorylated Thr in Arabidopsis.
Expression of AHA isogenes in Arabidopsis guard cell protoplasts
There are 11 functional plasma membrane H + -ATPase isogenes (AHA1-11) in the Arabidopsis genome (Palmgren 2001) . To investigate the expression of the H + -ATPase in guard cell protoplasts, we performed reverse transcription-polymerase chain reaction (RT-PCR) analysis using specific primers for individual AHA isogenes (Fig. 6) . Surprisingly, the guard cell protoplasts contained PCR products of all isogenes. There are two bands in each of the isogenes AHA3, 4, 7, 8, 9 and 10, and sequence analysis indicated that the lower bands contained AHA genes. We confirmed that these PCR products encoded each AHA isogene (data not shown). Furthermore, we determined the expression of eight AHA genes in green leaves (AHA1, 2, 3, 5, 7, 8, 10 and 11), four in mesophyll cell protoplasts (AHA1, 2, 10 and 11) and eight in roots (AHA1, 2, 3, 4, 7, 8, 10 and 11). Three AHA genes (AHA1, 2 and 11) were expressed in all tissues, and AHA6 and AHA9 were specific to guard cell protoplasts. AHA5 was predominantly expressed in guard cells. We confirmed that equal amounts of cDNA were used for each RT-PCR for each organ. The specific primers for the β-tubulin gene were used as a control (Chen et al. 2003) .
Discussion
We isolated large quantities of highly pure guard cell protoplasts from Arabidopsis by modifications of previous methods (Pei et al. 1997 , Pandey et al. 2002 (Fig. 1A, B) . Arabidopsis guard cell protoplasts extruded H + in response to blue light, and this response by the protoplasts exhibited essentially the same properties as those of V. faba (Fig. 2) . Since the measurement of blue light-dependent H + pumping required >2.1×10
6 Arabidopsis guard cell protoplasts per determination, our large-scale isolation technique made it possible to evaluate the pump activity in the protoplasts for the first time.
We also isolated the protoplasts from the phot1 and phot2 single mutants, the phot1 phot2 double mutant and the npq1-2 mutant. Blue light-dependent H + pumping occurred in the protoplasts from the two single mutants and the npq1-2 mutant, but not the double mutant (Fig. 3, Table 1 ). In the previous report, we indicated that stomata opened in the epidermal tissues from phot1 and phot2 single mutants, and the npq1-2 mutant, but not the phot1 phot2 double mutant . These results indicate that phot1 and phot2 act redundantly as blue light receptors for the H + pumping, and that zeaxanthin may not be the principal blue light receptor.
Using Arabidopsis guard cell protoplasts, we analyzed the blue light responses of stomata biochemically. Blue light increased the ATP hydrolytic activity in the protoplasts from the wild-type plant but not the phot1 phot2 double mutant (Fig.  5A) . A 14-3-3 protein was bound to the H + -ATPase in response to blue light in guard cell protoplasts from the wild-type plant but not the double mutant (Fig. 5B) . Binding was inhibited by the phosphopeptide (P-950) (Fig. 5D) , suggesting that the binding occurred on the penultimate threonine in the C-terminus. Fusicoccin induced 14-3-3 protein to bind to the H + -ATPase in the double mutant and the wild-type plant (Fig. 5B ). This result indicates that a protein kinase that directly phosphorylates the H + -ATPase exists in both the double mutant and the wild-type plant, and that phototropins do not directly phosphorylate the H + -ATPase.
The plasma membrane H + -ATPase generates an H + electrochemical gradient and provides a driving force for the uptake of various nutrients, such as K + , nitrate, sulfate, sucrose and amino acids, across the plasma membrane in many cell types and tissues of plants (Michelet and Boutry 1995 , Sze et al. 1999 , Palmgren 2001 . We found that Arabidopsis guard cell protoplasts contained all of the AHA isogenes (Fig. 6) . In previous investigations using immunological methods, the H + -ATPases were expressed at high density in guard cells (Villalba et al. 1991 , Becker et al. 1993 , but that method could not discriminate between these isoproteins. To our knowledge, guard cells in Arabidopsis are the first cell type found to express all isogenes of the H + -ATPase in plants. AHA1, AHA2 and AHA5 were the major isogenes expressed in guard cell protoplasts, and AHA5 was predominantly expressed in guard cells, but expressed a little in leaves, and not expressed in mesophyll cells and in roots. In many aspects, the data presented here are in accord with those of previous experiments. For example, the expression of AHA9 is unique to anther cells in Arabidopsis as determined by Northern blot analysis (Houlne and Boutry 1994) , and our results indicated that leaves, mesophyll cells and roots showed no expression of AHA9. The isoform AHA4 has a role in solute transport in root epidermis and provides salt resistance to plants (Vitart et al. 2001) , and our data indicate the specific expression of AHA4 in roots except guard cells. In a recent analysis, the gene products of AHA1, 2, 3 and 11 were found to be the major isoforms in leaves (Alsterfjord et al. 2004 ); this result was consistent with the present data. Shortly thereafter, proteomic analysis of the plasma membrane H + -ATPase from green tissue (leaves and petioles) identified four H + -ATPase isoforms-AHA1, 2, 4 and 11-but not AHA3 (Alexandersson et al. 2004 ). This was probably due to the low abundance of the plasma membrane derived from phloem cells in the materials used for the analysis. The expression of AHA3 is suggested to be specific to phloem companion cells (DeWitt and Sussman 1995) , and our data indicated that AHA3 was found in leaves but not in mesophyll cells, supporting the report by DeWitt and Sussman (1995) . All these observations are in accord with previous data, thus verifying our present results. In guard cells, the high expression of multiple isoforms of the plasma membrane H + -ATPase is important, and may couple the activity of specific transporters.
The 14-3-3 proteins are known to bind to a novel binding motif, YpTV, in the C-terminus of the plasma membrane H + -ATPase; this binding is required for activation of the H + -ATPase (Fuglsang et al. 1999 , Svennelid et al. 1999 , Camoni et al. 2000 , Maudoux et al. 2000 , Kinoshita and Shimazaki 2002 . In Arabidopsis, most isoforms (except AHA7, 9 and 10) of the H + -ATPase possess this motif (Palmgren 2001) . Previous investigations have indicated that isoforms (VHA1 and VHA2) found in guard cells are also expressed in other cell types and that these two isoforms are phosphorylated on the 14-3-3 binding motif via a blue light-specific signaling pathway in guard cells (Nakajima et al. 1995 , Hentzen et al. 1996 , Kinoshita and Shimazaki 1999 . Further investigation will be required to identify which isoforms are activated by blue light in both Arabidopsis and Vicia. Such information will identify the tissue-specific functions of the multiple isoforms of the plasma membrane H + -ATPase.
Materials and Methods
Plant materials
The Columbia ecotype A. thaliana was used in all the studies reported here. Wild-type (gl1), phot1-5, phot2-1, npq1-2 and a double mutant of phot1-5 phot2-1 were grown on soil irrigated with mineral nutrients in 16 h light/8 h dark under fluorescent lamps (50 µmol m -2 s -1 ) . The temperature was maintained at 24°C and the relative humidity at 50%.
Isolation of guard cell protoplasts from Arabidopsis thaliana Arabidopsis guard cell protoplasts were isolated from 5-to 7-week-old plants according to previous methods (Pei et al. 1997 ) with modifications. Fully expanded rosette leaves of Arabidopsis were blended for 1-2 min in a blender (Waring Commercial, Hartford, CT, USA) in 100 ml of cold distilled water. The epidermal tissues were collected on a 58 µm nylon mesh, rinsed with distilled water, and incubated in first-step digestion medium containing 0.5% (w/v) cellulase R-10 (Yakult Pharmaceutical Industry Co., Tokyo, Japan), 0.002% (w/v) pectolyase Y-23 (Seishin Pharmaceutical Co., Tokyo, Japan), 0.1% (w/v) polyvinylpyrrolidone K-30, 0.2% (w/v) bovine serum albumin (BSA), 0.25 M mannitol, 1 mM CaCl 2 and 10 mM MES-KOH, pH 5.4, at 24°C for 1 h with a shaking speed of 70 strokes min -1 . The epidermal tissues were then collected on 58 µm nylon mesh and rinsed with 0.3 M mannitol containing 1 mM CaCl 2 . To adjust the osmotic pressure, the epidermal tissues were suspended in 0.3 M mannitol containing 1 mM CaCl 2 for 30 min on ice. The epidermal tissues on the nylon mesh were collected and incubated in second-step digestion medium containing 1.5% (w/v) cellulase RS, 0.02% (w/v) pectolyase Y-23, 0.2% (w/v) BSA, 0.4 M mannitol and 1 mM CaCl 2 , pH 5.4, at 27°C for 40-50 min with a shaking speed of 50 strokes min -1 . When most of the guard cells became rounded, the peels in the digestion medium were gently passed several times through a glass pipette to release guard cell protoplasts, after which the peels were removed by a 58 µm nylon mesh. The filtrate was further passed through two layers of 10 µm nylon mesh, and the released guard cell protoplasts were collected by centrifugation for 6 min at 400×g. The pellet was washed three times with 0.4 M mannitol containing 1 mM CaCl 2 . Isolated guard cell protoplasts were stored at 2-4°C in the dark until purified.
To remove contamination by mesophyll cell protoplasts, fragments of vascular tissue, and other contaminants from guard cell protoplasts, we purified the protoplasts using Histopaque (No. 1077, Sigma-Aldrich) according to the previous method (Pandey et al. 2002) . The guard cell protoplast suspension (2 ml) was carefully layered on Histopaque (2 ml) in a test tube. The tube was centrifuged for 15 min at 200×g. The layer of guard cells was withdrawn from the interface of the two solutions with a Pasteur pipette and transferred to a new test tube. The guard cell protoplasts were diluted with 0.4 M mannitol containing 1 mM CaCl 2 and then were centrifuged for 6 min at 400×g. The isolated guard cell protoplasts were stored in 0.4 M mannitol containing 1 mM CaCl 2 on ice in the dark until use. Protein concentrations were determined by the method of Bradford as described in the instructions accompanying the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA).
Preparation of mesophyll cell protoplasts from Arabidopsis
Mesophyll cell protoplasts were prepared according to a previous method (Shimazaki et al. 1982) . Fully expanded Arabidopsis rosette leaves (about 0.3 g) were cut with scissors into small pieces. Digestion medium (12.5 ml) containing 0.5% (w/v) macerozyme R-10 (Yakult Pharmaceutical Industry), 2% (w/v) cellulase R-10, 0.2% (w/v) BSA, 1 mM CaCl 2 and 0.6 M mannitol at pH 5.5 was infiltrated into leaf fragments by vacuum. Enzymic digestion was carried out for about 7 min after vacuum infiltration. The second digestion was carried out for 1.5-2.0 h at 28°C. The released mesophyll cell protoplasts were collected by low-speed centrifugation and were washed twice with 0.6 M mannitol containing 1 mM CaCl 2 . Isolated mesophyll cell protoplasts were stored on ice in the dark until use.
Measurement of blue light-induced H
+ pumping in Arabidopsis guard cell protoplasts Blue light-induced H + pumping in Arabidopsis guard cell protoplasts was measured with a glass pH electrode (Beckman 39532; Beckman-Coulter, Fullerton, CA, USA) using a dual-beam protocol described previously (Shimazaki et al. 1992) . The reaction mixture (0.8 ml) contained 0.125 mM MES-KOH pH 6.0, 10 mM KCl, 0.4 M mannitol, 1 mM CaCl 2 and Arabidopsis guard cell protoplasts (75 µg of protein). Blue light at the indicated intensity was provided for 30 s superimposed on background red light at 600 µmol m -2 s -1
. Fusicoccin (10 µM) was added.
Measurement of ATP hydrolysis by the plasma membrane H
+ -ATPase ATP hydrolytic activity was measured by determining the Pi released from ATP (Kinoshita and Shimazaki 1999) .
Light source
Red light for background illumination was obtained from a 300 W EXR tungsten lamp (Osram Sylvania, Munich, Germany) by passing the light through a red glass filter (Corning 2-61; OwensCorning, Toledo, OH, USA). Blue light was obtained from a 150 W EXR tungsten lamp (Osram Sylvania) by passing the light through a blue glass filter (Corning 5-60; Owens-Corning). Fluence rates were determined using a quantum meter (model 185A, Li-Cor Biosciences, Lincoln, NE, USA).
Polyclonal antibodies and immunodetection
Polyclonal antibodies raised against the plasma membrane H + -ATPase and phot1 were described previously Shimazaki 1999, Doi et al. 2004) . Polyclonal antibodies raised against phot2 were prepared using recombinant phot2 protein as an antigen. The cDNA fragment of phot2 (266-375 bp) was amplified using two primers (5′-TTCCATGGAGAAAGCTTTGGATTCCAT-3′ and 5′-TTCCATGGT-TAGCGTATATCCCTTTCTCTATC-3′), which contained the region between the LOV1 and LOV2 domains, and which were cloned inframe into pET-30a (+) (Novagen, Madison, WI, USA). Recombinant phot2 protein was expressed as a fusion protein with the His 6 tag and was purified with the His Bind Kit (Novagen) and used as an antigen in rabbit. Immunodetection was performed according to Kinoshita and Shimazaki (1999) . Arabidopsis guard cell proteins were solubilized according to the method of Tominaga et al. (2001) .
Protein blot analysis
Protein blotting was performed according to Kinoshita and Shimazaki (1999) . Briefly, Arabidopsis guard cell protoplasts were subjected to SDS-PAGE in a 9.0% gel and blotted onto nitrocellulose. The membrane was incubated with blocking buffer for 1 h at room temperature, and then reacted with 0.1 µM glutathione-S-transferase (GST)-14-3-3 in the blocking buffer for 16 h at 4°C. GST alone did not bind to the plasma membrane H + -ATPase (data not shown). After three washes with T-TBS (Tween-Tris-buffered saline), the membrane was incubated with anti-GST antibodies (Pharmacia, Tokyo, Japan) at a dilution of 1 : 3,000 for 2 h at room temperature in blocking buffer. The membrane was then washed three times for 5 min each in T-TBS and reacted with anti-goat IgG secondary antibodies conjugated to alkaline phosphatase (Sigma) at a dilution of 1 : 5,000 for 2 h at room temperature in blocking buffer. The alkaline phosphatase reaction was performed according to Kinoshita and Shimazaki (1999) . The amount of 14-3-3 protein bound to the H + -ATPase was quantified by NIH image from images of the protein blot analysis. 
